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Transcriptional regulators play critical roles in the regulation of cell fate during hematopoiesis. Previous
studies in zebraﬁsh have identiﬁed an essential role for the transcriptional intermediary factor TIF1g in
erythropoiesis by regulating the transcription elongation of erythroid genes. To study if TIF1g plays a
similar role in murine erythropoiesis and to assess its function in other blood lineages, we generated
mouse models with hematopoietic deletion of TIF1g. Our results showed a block in erythroid
maturation in the bone marrow following tif1g deletion that was compensated with enhanced spleen
erythropoiesis. Further analyses revealed a defect in transcription elongation of erythroid genes in the
bone marrow. In addition, loss of TIF1g resulted in defects in other blood compartments, including a
profound loss of B cells, a dramatic expansion of granulocytes and decreased HSC function. TIF1g exerts
its functions in a cell-autonomous manner as revealed by competitive transplantation experiments. Our
study therefore demonstrates that TIF1g plays essential roles in multiple murine blood lineages and
that its function in transcription elongation is evolutionally conserved.
Published by Elsevier Inc.Introduction
Differentiation from a single hematopoietic stem cell (HSC) to
mature blood cells comprised of all hematopoietic lineages is
tightly regulated by the interplay between external signals and
internal nuclear factors (Orkin and Zon, 2008). In addition to cell
type-speciﬁc transcription factors, general transcription factors
and co-factors play equally important roles in gene regulation.
The transcriptional co-factor Transcriptional Intermediary Factor
1 gamma (TIF1g, also known as TRIM33/RFG7/PTC7/Ectodermin)
has been shown to play an essential role in erythroid differentia-
tion (Bai et al., 2010; He et al., 2006; Ransom et al., 1996).Inc.
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Main Street, Bar Harbor, METIF1gwas ﬁrst identiﬁed by sequence homology to two other TIF1
family members, TIF1a and b (Venturini et al., 1999). The TIF1
family members are characterized by a N-terminal RBCC or TRIM
domain (Reymond et al., 2001) composed of a RING ﬁnger,
two B-boxes, and a coiled-coil domain, and the C-terminal PHD
ﬁnger and bromodomain. Loss of TIF1g function in the zebraﬁsh
moonshine (mon) mutant causes a rapid loss of erythroid gene
expression, leading to a profound anemia and embryonic lethality
(Ransom et al., 2004).
We previously conducted a genetic suppressor screen using
mon mutants and identiﬁed an important role for TIF1g in
transcription elongation of RNA polymerase II (Pol II) on erythroid
genes. Recent genome-wide studies identify transcription elonga-
tion as a major rate-limiting step in gene regulation (Guenther
et al., 2007; Muse et al., 2007; Zeitlinger et al., 2007). After the
initiation of transcription, Pol II often pauses at the proximal
promoter of many genes due to the presence of pausing factors
DSIF and NELF (Wu et al., 2003; Yamaguchi et al., 2002).
To release Pol II, the C-terminal domain (CTD) of the large subunit
of Pol II needs to be converted from serine5-phosphorylation to
serine2-phosphorylation. This process is regulated by the p-TEFb
kinase complex and other positive elongation factors (Cheng and
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ﬁed zebraﬁsh genetic mutants rescuing mon by affecting Pol II
pausing (Bai et al., 2010). Together with the biochemical data, our
model suggests that TIF1g physically interacts with the SCL
transcription complex in erythroid cells and recruits the positive
elongation factors p-TEFb and the FACT complex to eythroid
genes to release paused Pol II.
In the current study, we investigated whether the function of
TIF1g is conserved in murine erythropoiesis and whether TIF1g
has other roles in hematopoiesis and HSC function. Since embryo-
nic deletion of tif1g leads to early lethality (Kim and Kaartinen,
2008), we generated conditional knockouts of TIF1g in the mouse
hematopoietic system using both Mx-cre and vav-cre. We have
found that TIF1g plays important roles in the B cell and granu-
locyte lineages, as well as in HSCs. Our results also demonstrate
defective bone marrow erythropoiesis in the murine TIF1g knock-
out. Analyses on bone marrow erythroid cells review a signiﬁcant
reduction in elongation-engaged Pol II (Ser2-P Pol II) in the
absence of TIF1g and a speciﬁc decrease of the 30 transcript levels
of several erythroid genes. The genetic data, coupled with the
analysis of gene transcription, establishes TIF1g as a major
regulator of transcription elongation in erythroid cells, and
supports our previous conclusions from the zebraﬁsh.Materials and methods
Experimental animals
TIF1gﬂ/ﬂ mice, Mx-Cre transgenic mice and vav-cre mice
were maintained on a C57BL/6 background. pI–pC (Sigma) was
administered via i.p. injection at a dose of 25 mg/kg. To conﬁrm
deletion of TIF1g, genomic DNA was extracted from fetal liver or
whole bone marrow (BM) and PCR genotyped with described
primers (Kim and Kaartinen, 2008). The Children’s Hospital
Boston Animal Ethics Committee approved all experiments.
Flow cytometry analysis
Single-cell suspensions of bone marrow were prepared from
pooled femurs, tibiae, and iliac crests, and peripheral blood (PB)
was isolated via the retro-orbital plexus. Whole PB differential
counts were determined with an AcT 10 analyzer (Beckman
Coulter). RBCs were lysed with ammonium chloride buffer
prior to staining. Fluorochrome-conjugated antibody clones were
obtained from eBioscience: Gr-1 (RB6-8C5), CD11b (M1/70), F4/
80 (BM8), IgM (II/4I), CD43 (S7), B220 (RA3-6B2), CD71 (R17217),
Ter-119, CD4 (GK1.5), CD8a (53-6.7). Flow cytometric analysis
was performed on a FACS Calibur (Becton Dickinson, BD) and all
data were analyzed with FlowJo (Tree Star, Inc.).
Analysis of hematopoietic stem and progenitor cells
Lineage depletion of BM, spleen, or PB cells from control or
TIF1gD/D mice was performed as described by the manufacturer
(Dynabeads Sheep anti-Rat IgG, Invitrogen) with afﬁnity-puriﬁed
rat anti-mouse antibodies (eBioscience) against CD3e, CD4,
CD5, CD8a, B220, Gr-1, CD11b, Ter119. Lineage-depleted cells
were stained with ﬂuorochrome-conjugated antibodies (eBioscience)
recognizing CD117 (c-Kit; 2B8), Sca-1 (E13-161.7), CD34
(RAM34), CD16/CD32 (FcgIII/II Receptor; 2.4G2), and CD127
(IL-7Ra; A7R34) and analyzed on a LSRII (BD). Colony-forming
unit (CFU) assays were performed by plating spleen cells into
MethoCult SF M3436 (Stem Cell Technologies) and scoring BFU-E
colonies after 10 days.Competitive bone marrow transplantation analysis
BM cells from Mx-cre; tif1g ﬂ/ﬂ or Mx-cre; tif1g þ lþ (CD45.2þ)
were co-injected retro-orbitally with BM cells from CD45.1þ
competitors at a ratio of 1:1 (1106 cells each) into congenic
female C57BL/6 (CD45.1þ) mice (The Jackson Lab). pI–pC
(Invivogen) was administered at 3-week post-transplent via i.p.
injection at a dose of 25 mg/kg. The PB chimerism of recipient
mice was assessed with ﬂuorochrome-conjugated antibodies
against CD45.1 (A20), CD45.2 (104) (eBioscience), and multi-
lineage antibodies as described. Donor cell engraftment was
determined at 18 weeks post-transplant.
Global gene expression analysis
Puriﬁed Lin Sca-1c-KitþCD34þ CD16/32hiGMPs from indi-
vidual mice (three replicates) were isolated by FACSAria (BD)
from control or tif1gD/D mice. Total RNA was extracted with the
RNeasy Micro Kit (QIAGEN), treated with DNaseI, reverse tran-
scribed, and ampliﬁed with the WT-Ovation Pico RNA Ampliﬁca-
tion System (NuGEN Technologies). Single-stranded cDNA
ampliﬁcation products were puriﬁed with QIAquick PCR Puriﬁ-
cation Kit (QIAGEN) and labeled with the FL-Ovation cDNA Biotin
Module V2 (NuGEN). Hybridization to GeneChip Mouse Genome
430 A 2.0 Arrays (Affymetrix), washing, and scanning were
performed by the CHB Microarray Core Facility (Boston, MA).
The golden spike package in Bioconductor/R (Choe et al., 2005)
was used to process CEL ﬁles. Independent biological repeats
were combined by averaging the signal intensities of each probe
represented on the microarray. Probes with an averaged signal
intensity of 4100 from at least one of the repeats were further
analyzed (a total of 8723 probes). All microarray data have been
deposited to GEO and will be available to public upon acceptation
of the manuscript.
Quantitative real-time PCR
RNA was isolated from puriﬁed CD71hiTer119þ cells with the
RNeasy Micro Kit (QIAGEN) and treated with DNaseI prior to
reverse transcription. cDNA was prepared with SuperScript III
(Invitrogen). Quantitative real-time PCR was performed with iQ
SYBR Green mix (Bio-Rad) on an iCycler (Bio-Rad) and Ct values
were normalized to b-actin levels Primers for 50 transcripts:b-actin-F: 5-cagcttctttgcagctcctt-3
b-actin-R: 5-acgatggaggggaatacag-3
gata1-F: 5-gaatcctctgcatcaacaagc-3
gata1-R: 5-aacctgtggaatctgatggtg-3
scl-F: 5-gacctcacggcaagctaagta-3
scl-R: 5-gagagacctactcggctggtt-3
hba-F: 5-gctctctggggaagacaaaag-3
hba-R: 5-gggaagctagcaaacatcctt-3
eklf-F: 5-atagcccatgaggcagaaga-3
eklf-R: 5-cctgggtgtccagaaactgt-3
gﬁ-1b-F: 5-gccacggtcctttctagtga-3
gﬁ-1b-R: 5-tgccacaggaattacagcag-3
Primers for 30 transcript:
b-actin-F: 5-acattggcatggctttgttt-3
b-actin-R: 5-gtttgctccaaccaactgct-3
gata1-F: 5-ataagggtgaccccacatttc-3
gata1-R: 5-aacaacaaaccccacaaaaca-3
scl-F: 5-ggcagacagagactgatcctg-3
scl-R: 5-aatgggaaagaaccagcctta-3
hba-F: 5-aaattccttgcctctgtgagc-3
hba-R: 5-aggtgcaagggagagaagaag-3
eklf-F: 5-gagtggatccaaggaccgta-3
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gﬁ-1b-F: 5-ttcaatgccagagcacagac-3
gﬁ-1b-R: 5-acccagagaagcaagcaaga-3Statistical analyses
Statistical analyses were performed with unpaired Student’s
t tests.
Western blot analysis
Puriﬁed CD71hiTer119þ cells from control or tif1gD/D mice were
pooled (2 mice each group) and whole-cell lysates were separated
by SDS-PAGE. Proteins were detected by the following antibodies:
anti-pol2-S2 (Pol II H5 antibody, Covance), anti-Pol2-S5 (Abcam
ab5131), anti-pol2 (N-20, Santa Cruz) and anti-TBP (Abcam).
Histological analyses
Spleen and liver tissues from vav-cre; tif1gﬂ/ﬂ mice were ﬁxed
for 24 h in 10% buffered formalin, dehydrated and embedded in
parafﬁn. Parafﬁn blocks were sectioned at 5 mm and stained with
haematoxylin and eosin.Results
Bone marrow erythroid differentiation is blocked by TIF1g deletion
and can be compensated by spleen erythropoiesis
To study the role of TIF1g in murine hematopoiesis, we
induced tif1g excision in the mouse hematopoietic system via
interferon-mediated Cre expression by mating tif1gﬂ/ﬂ mice with
Mx-cre mice. In this model, Cre expression and subsequent
deletion of tif1g is induced by injection of polyI–polyC (pI–pC)
(Kuhn et al., 1995). Analysis of peripheral blood at 3 weeks post-
injection revealed a modest increase in CD71þTer119þ immature
erythroid cells in TIF1g-deﬁcient mice compared to control mice
(Mx-cre; tif1gﬂ/þ), suggesting a possible blockage of erythroid
differentiation (supplemental Fig. 1A). This was further conﬁrmed
by FACS analysis of bone marrow, where we observed an increase
of c-KithiCD71þTer119-cells that morphologically similar to
the early erythroid progenitors (supplemental Fig. 1C), and a
decrease in more differentiated erythroid progenitors, including
the CD71hiTer119hi R2 population, in TIF1g-deﬁcient mice
(Fig. 1A). Genomic PCR analyses conﬁrmed deletion of tif1g in
Mx-cre; tif1gﬂ/ﬂ bone marrow (BM) cells (supplemental Fig. 1B).
Interestingly, analysis of the spleens of TIF1g-deﬁcient mice
revealed enhanced erythropoiesis at multiple stages of differen-
tiation (Fig. 1B). Consistent with this in vivo data, BFU-E colony
assays using isolated spleen cells revealed an almost 10-fold
increase in BFU-E formation from TIF1g-deﬁcient cells compared
to control cells (Fig. 1C).
To study the role of TIF1g during hematopoietic development,
we generated an additional conditional knockout model using
vav-cre. Vav-cre deletion, which is restricted to blood cells,
initiates at E11.5 in the fetus and induces cre-mediated gene
deletion in all deﬁnitive blood lineages throughout hematopoietic
development (Ogilvy et al., 1999). Vav-cre; tif1gﬂ/ﬂ mice were
born at a normal Mendelian ratio and FACS analysis of E14.5 fetal
liver failed to detect any defects in erythropoiesis (supplemental
Fig. 1D). Genomic PCR analysis detected the presence of both
unexcised and excised tif1g alleles in the vav-cre; tif1gﬂ/ﬂ fetal
liver cells (supplemental Fig. 1E), suggesting that the lack of
phenotype may be caused by incomplete excision of tif1g at thisearly stage. In contrast, bone marrow analysis of 12–14-week old
adult mice showed complete deletion of tif1g in vav-cre;tif1gﬂ/ﬂ
BM cells (data not shown) and revealed a profound defect in
erythroid differentiation. We observed signiﬁcant decreases in the
R2 and R3 stages of erythroid progenitors, while the c-KithiCD71þ
Ter119 early erythroid progenitors and R1 stages were increased
in tif1g-deﬁcient mice (Fig. 1D). This block in erythroid differentia-
tion was more severe than that observed in Mx-cre;tif1g /mice.
Furthermore, spleen erythropoiesis was also enhanced in the vav-
cre; tif1gﬂ/ﬂ mice, similar to that observed in Mx-cre; tif1gﬂ/ﬂ mice
(Fig. 1E).
Enhanced splenic erythropoiesis is generally viewed as a stress
response when bone marrow erythroid cell production is insufﬁ-
cient. A key regulatory pathway of this process is BMP4-Smad5.
To test if stress erythropoiesis is activated in TIF1g-deﬁcient mice,
we analyzed the level of phosphorylated Smad5 protein in spleen
erythrocytes. As shown in Fig. 1F, we observed a clear increase
of Smad5 phosphorylation in R2-stage erythroid cells from
TIF1g-deﬁcient spleen. On the other hand, no changes in the
transcription level of a selective set of erythroid genes were detected
in these cells (Fig. 1G), suggesting that there is no acceleration of
erythroid differentiation in spleen. These data thus suggest that
TIF1g is required for BM erythropoiesis and that extramedullary
erythropoiesis in the spleen is activated to compensate for this
defect likely through regulating cell proliferation.Other lineage defects caused by TIF1g deﬁciency
In addition to erythroid defects, we also observed B cell and
myeloid defects in TIF1g-deﬁcient mice. Loss of B cells was seen
as early as 1 week post-injection of pI–pC in the Mx-cre;tif1gﬂ/ﬂ
mice (Fig. 2A). Both BM and spleen analyses at 3 weeks post-
injection revealed a dramatic decrease in pre-B (CD43B220þ
IgM) and mature/immature B cells (CD43B220þ IgMþ) in the
TIF1g-deﬁcient mice, whereas the number of pro-B cells (CD43þ
B220þ IgM) remained relatively normal (Fig. 2B). Similar defects
were also detected in the vav-cre; tif1gﬂ/ﬂ mice (supplemental
Fig. 2A). Gene expression analyses by quantitative RT-PCR showed
no change of transcription levels of several key regulatory genes
for B-cell differentiation and function, including E2A, Ebf1, Pax5
and Rag1 (Fig. 2C), suggesting that the loss of B cells is not caused
by a differentiation blockage. Because we observed a relatively
rapid loss of B cells in Mx-cre induced TIF1g-KO mice, we
analyzed the expression of genes involved in apoptosis, including
pten and p53. Quantitative RT-PCR showed a signiﬁcant upregula-
tion of pten expression in pro-B cells, followed by a similar
increase of p53 transcription in pre-B cells (Fig. 2C). These data
therefore suggest that increased apoptosis is the major cause of
B-cell loss in TIF1g-deﬁcient mice.
In contrast to the loss of B cells, an increase in myeloid cells
(Gr1þ Mac1þ) was observed in both Mx-cre and vav-cre-induced
TIF1g-deﬁcient mice (Figs. 2A, 3A and supplemental Fig. 2A),
suggesting a negative role for TIF1g in regulating the myeloid
lineage. Remarkably, 40% of vav-cre; tif1gﬂ/ﬂ mice died before
6 months of age with dramatically increased myeloid cells in the
peripheral blood and splenomegaly (Fig. 3B). Wright–Giemsa
staining showed that these cells were mainly differentiated
granulocytes (Fig. 3C). Histological analysis of the spleen and
liver showed a marked inﬁltration by myeloid cells (Fig. 3C).
Taken together, these ﬁndings represent diagnostic criteria for a
myeloproliferative/myelodysplastic process and reminiscent of
human chronic myelomonocytic leukemia (CMML) (Emanuel,
2008), suggesting that TIF1g has a tumor suppressor role in the
myeloid lineage.
Fig. 1. Abnormal erythropoiesis in TIF1g-deﬁcient mice. Erythroid cell maturation was measured by FACS based on the expression of the cell surface markers, c-Kit, CD71
and Ter119 (Mx-cre for A&B, Vav-cre for D&E). The c-KithiCD71þ Ter119cells represent the early erythroid progenitors (see the cytospin staining in supplemental Fig. 1C).
Populations R1–R4 represent the progressive maturation of cells. Bar graphs represent the absolute number of cells in each population. Representative FACS plots were
shown in A&B. (A, D) Bone marrow cells. (B, E) spleen cells. The results are shown as mean7SD from 3 or 4 mice in each group (*qr0.05, **qr0.005). (C) BFU-E colony
assay using spleen cells from Mx-cre mice (n¼3). The results are shown as mean7SD. (F) Western blots comparing the protein level of phosphorylated Smad5 (top)
and total Smad5 (middle) in R2 cells between vav-cre; tif1gﬂ/þ (con) mice and vav-cre; tif1gﬂ/ﬂ (KO) mice. Western blot for b-actin was used as a loading control.
The experiments were repeated twice using independent groups of mice. (G) Real-time RT-PCR analyses for selected erythroid genes in R2 stage of spleen erythroid cells
from vav-cre; tif1gﬂ/ﬂ (KO) mice and vav-cre; tif1gﬂ/þ (con) mice. Results are shown as fold changes (KO vs. con), normalized to the level of b-actin. Error bars represent
mean7SD from three independent experiments.
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We then analyzed the frequency of bone marrow progenitors
and HSCs in the TIF1g-deﬁcient mice by FACS analysis. We observedan increase in granulocyte-macrophage progenitors (GMPs) in
both Mx-cre and Vav-cre-induced TIF1g-deﬁcient mice (Fig. 4A
and Supplemental Fig. 2 B). To begin to understand the molecular
changes underlying the increase in GMPs, we sorted GMP cells and
Fig. 2. TIF1g deﬁciency leads to loss of B cells. (A & B) Bone marrow cells from Mx-cre; tif1gﬂ/þ(con) and Mx-cre;tif1gﬂ/ﬂ (KO) mice were analyzed by FACS at 3-week post
pI–pC injection. (A) The absolute numbers of cells in each population are shown. The results are shown as mean7SD from 4 mice in each group (nqr0.01, nn qr0.001).
(B) Representative FACS plots using B cell markers with the percentage of each cell population. (C) Real-time RT-PCR analyses for selected genes in pro-B and pre-B cells
from vav-cre; tif1gﬂ/ﬂ (KO) mice and vav-cre; tif1gﬂ/þ (con) mice. Results are shown as fold changes (KO vs. con), normalized to the level of b-actin. Error bars represent
mean7SD from three independent experiments.
Fig. 3. Accumulation of granulocytes in TIF1g-KO mouse. (A) Representative FACS plots using myeloid cell markers with the percentage of each cell population.
(B) Splenomegaly of 4-month old vav-cre; tif1gﬂ/ﬂ (KO) adult mice (E) Accumulated myeloid cells in vav-cre; tif1gﬂ/ﬂ adult mice in peripheral blood (PB, MGG staining),
spleen and liver (H&E staining).
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between TIF1g-deﬁcient and control GMPs. Among 282 down-
regulated genes (q¼0.005) in TIF1g-deﬁcient GMPs, we found
multiple genes related to erythroid cell fate, such as globin, gata1
and EKLF (Fig. 4B). In contrast, genes representative of the myeloid
signature (Klinakis et al., 2011), including myeloid-fate regulators
CEBP-a, CEBP-b and CEBP-d, were found to be upregulated (Fig. 4B).
These data are consistent with the essential function of TIF1g in
erythroid gene transcription and suggest that lack of TIF1g may
promote cell fate towards the myeloid lineage.Cell-autonomous effect of TIF1g
Interestingly, we observed a trend of increase in the frequen-
cies of multipotent progenitors (MPPs), short-term (ST)-HSCs and
long-term (LT)-HSCs in TIF1g-deﬁcient mice as deﬁned by surface
marker expression (Fig. 4C and Supplemental Fig. 2C). To test if
TIF1g alters HSC function in a cell-autonomous fashion, we
performed competitive transplantation assays (Fig. 5A). To bypass
any potential homing defects in the TIF1g-deﬁcient cells, we
used Mx-Cre; tif1gﬂ/ﬂ donors and induced tif1g excision after
Fig. 4. TIF1g deﬁciency promotes myelopoiesis while inhibiting erythropoiesis. (A) Increased number of GMPs in vav-cre; tif1gﬂ/ﬂ mice at 3-month old. The absolute
numbers of cells are shown as mean7SD from 4 mice in each group (** qr0.001). (B) Heat map showing regulation of genes representative of the erythroid signature
and the myeloid signature from GMPs derived from vav-cre; tif1gﬂ/þ(con) and vav-cre; tif1gﬂ/ﬂ(KO) mice. (C) Increased HSC levels in vav-cre; tif1gﬂ/ﬂ mice at 3-month old.
The absolute numbers of cells are shown as mean7SD from 4 mice in each group (*qr0.05).
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Mx-cre; tif1gﬂ/ﬂ donors or control donors (Mx-Cre tif1gþ /þ) were
mixed at a 1:1 ratio with CD45.1þ whole BM cells from wild-
type competitor mice and transplanted into lethally irradiated
CD45.1þ recipients. At 3 weeks post-transplantation, peripheral
blood analyses of the recipients revealed comparable chimerism
of CD45.2þ cells from the Mx-cre; tif1gﬂ/ﬂ donors and control
donors (Mx-Cre; tif1gþ /þ) (supplemental Fig. 3A). Injection of
pI–pC was then performed to induce tif1g excision in Mx-cre;tif1gﬂ/ﬂ
donor-derived cells. One week after pI–pC, the number of
CD45.2þ cells in the peripheral blood from TIF1g-deﬁcient donors
was reduced (Fig. 5B). Noticeably, TIF1g-deﬁcient-donor derived
CD45.2þ cells were found to have an increased contribution to
the myeloid lineage and decreased contribution to the B cell
lineage, resembling the phenotype of the non-transplanted TIF1g-
deﬁcient mice. This pattern of chimerism was maintained for 18
weeks at which time the recipient mice were sacriﬁced for
BM analysis (supplemental Fig. 3B). These data are consistent
with a long-term deﬁcit in the ability of TIF1g-deﬁcient cells
to contribute to proper hematopoiesis. A similar B-cell and
myeloid chimerism pattern was seen in the BM of mice that
received Mx-cre; tif1gﬂ/ﬂ cells (Fig. 5C), together suggesting a cell-
autonomous role of TIF1g in these lineages.
At the level of progenitors, TIF1g-deﬁcient donor cells made a
signiﬁcantly greater contribution to GMPs, again phenocopying
the non-transplanted TIF1g-deﬁcient mice. In contrast, the con-
tribution to megakaryocyte-erythroid progenitors (MEPs) by
TIF1g-deﬁcient donor cells was profoundly reduced compared to
control (Fig. 5D), suggesting a cell-autonomous function of TIF1gin promoting the erythroid lineage fate. Interestingly, although
TIF1g-deﬁcient mice tended to have an increased number of
phenotypic HSCs (Fig. 4C), we detected a reduced contribution to
the recipient LT-HSC compartment by TIF1g-deﬁcient donor cells
upon transplantation (Fig. 5E), suggesting reduced HSC function.
These data implicateTIF1g in control of normal HSC function,
including proper differentiation to mature hematopoietic lineages.
Transcription elongation is defective on TIF1g-deﬁcient
erythroid genes
Our previous work had identiﬁed an important function of
TIF1g in transcription elongation of erythroid genes in zebraﬁsh
(Bai et al., 2010).To study if this function is conserved in murine
erythropoiesis, we puriﬁed the R2 stage (CD71hi Ter119þ) of
erythroid progenitors from vav-cre;tif1gﬂ/ﬂ mice and control mice.
We ﬁrst performed quantitative RT-PCR on several erythroid
genes to compare the relative amount of transcripts at either
the 50 end or 30 end using gene-speciﬁc primers targeting either
mature RNA or nascent transcripts(Fig. 6A and supplemental
Fig. 4). When compare TIF1g-deﬁcent erythroid cells with control
cells, we detected either unchanged (gata1, eklf and gﬁ-1b) or
increased transcript level (scl, hba) at the 50 end, whereas the
levels of 30 transcripts were signiﬁcantly reduced for all tested
erythroid genes (Fig. 6A). No such changes were detected on the
control gene b-actin. These data are consistent with our model
that TIF1g regulates the Pol II elongation of erythroid genes.
Transcription elongation is marked by a transition from serine
5-phosphorylated Pol II (S5-P Pol II) to serine 2-phosphorylated
Fig. 5. TIF1g has cell-autonomous functions in the regulation of hematopoiesis. (A) Scheme of the competitive transplantation assay. (B) Percentage of CD45.2þcells in the
peripheral blood of recipients one-week after pI–pC injection. The results are shown as mean7SD from 9 mice in each group (** qr0.001). (C, D & E) FACS analyses to
measure the numbers of CD45.2þcells in each cell population of the recipient bone marrow at 18-week post pI–pC injection. The results are shown as mean7SD from
4 mice in each group (* qr0.01, ** qr0.001).
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therefore correlated with overall elongation activity within cells.
To test if TIF1g regulates overall transcription elongation in
erythroid cells, we performed western blot analysis on isolated
CD71hi Ter119þ (R2) erythroid cells using a speciﬁc antibody
recognizing S2-P Pol II. As shown in Fig. 6B, a clear reduction of
S2-P Pol II protein level was detected in TIF1g-deﬁcient cells
while no signiﬁcant change was detected for the levels of total Pol
II or S5-P Pol II in the same cells. The normal level of S5-P Pol II
level suggests that proper initiation of transcription of erythroid
genes can occur in the absence of TIF1g; however, transcription
elongation of these genes may be blocked, as suggested by the
reduced S2-Pol II level.Discussion
Evolutionarily conserved function of TIF1g in pol II elongation
of erythroid genes
TIF1g has been shown to play a critical role in erythropoiesis
in both zebraﬁsh and human cell culture models24. In the
present study, we investigated whether TIF1g plays a similar rolein regulating the transcriptional elongation of erythroid genes in
murine hematopoiesis. We found a signiﬁcant reduction in
elongation-engaged Pol II (Ser2-P Pol II) in TIF1g KO erythroid
cells together with a speciﬁc decrease in 30 transcripts of several
erythroid genes, demonstrating defective Pol II elongation in
these cells in the absence of TIF1g.
Using the mouse as a model system allows for dissection
and examination of the intricate erythroid maturation process
through the use of stage-speciﬁc surface markers. Loss of TIF1g
leads to an accumulation of the c-Kithi CD71þ Ter119erythroid
progenitors and a subsequent reduction in the more differen-
tiated R2 and R3 populations, suggesting that TIF1g is required for
erythroid maturation from a very early stage, possibly immedi-
ately following the initial commitment to the erythoid cell fate.
These ﬁndings are consistent with the zebraﬁsh moonshine
mutant phenotype where a decrease in gata1 expression was
seen as early as the 11–12 somite stage (Ransom et al., 2004).
Differential response of BM and spleen erythroid progenitors to loss
of TIF1g
Loss of TIF1g in the zebraﬁsh moonshine mutant results in
a profound loss in both primitive and deﬁnitive erythroid cells,
Fig. 6. TIF1g regulates the transcription elongation of erythroid genes. (A) Quantitative (real-time) RT-PCR comparing the transcription levels of selected genes in R2 stage
of erythroid cells between vav-cre; tif1gﬂ/ﬂ (KO) mice and vav-cre; tif1gﬂ/þ (con) mice. Top: A schematic diagram showing the position of primers used in real-time RT-PCR
analyses. Primers to detect the 50 ends of transcripts are located within 120 bp from transcription start site, and primers for the 30 ends of transcripts are in the 30 coding
region or 3’UTR. Bottom: real-time RT-PCR analyses to compare the 50 transcripts (gray) and 30 transcripts (blue). Results are shown as fold changes (KO vs. con),
normalized to the ratio of the 50 transcript level of b-actin (ActB). Error bars represent mean7SD from three independent experiments. Also see Supplemental Fig. 4.
(B) Western blots comparing the protein level of serine 2-phophoralated Pol II (top), serine 5-phophoralated Pol II (middle) and total Pol II in R2 cells between vav-cre;
tif1gﬂ/þ (con) mice and vav-cre; tif1gﬂ/ﬂ (KO) mice. Cells were pooled from 2 mice in each group. Western blots for the TATA binding protein (TBP, bottom) was used as a
loading control. The experiments were repeated twice using independent groups of mice.
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erythropoiesis (Ransom et al., 2004). Subsequent RNAi knock-
down studies of TIF1g in human CD34þ cells revealed a block in
erythroid differentiation in a TGF-b-dependent manner (He et al.,
2006). Based on these ﬁndings, our observation that the loss of
TIF1g in the murine hematopoietic system did not cause severe
anemia was surprising. Further analyses indicated that BM
erythropoiesis was indeed affected but was compensated for by
enhanced spleen erythropoiesis. Accelerated spleen erythropoi-
esis is typically viewed as a stress response to maintain home-
ostasis of red blood cell mass when acute or chronic loss of red
blood cells occurs (Paulson et al., 2011). It is known that the BMP-
Smad5 signaling pathway plays a central role in initiating this
stress response (Porayette and Paulson, 2008). Interestingly, TIF1g
has been suggested to antagonize BMP signaling though Smad4
ubiquitination (Dupont et al., 2005). Thus, it is possible that the
absence of TIF1gmay trigger BMP signaling which in turn induces
stress erythropoiesis in spleen that compensates the erythroid
defect in mouse bone marrow. Indeed, we have found an increase
of Smad5 phosphorylation in spleen erythroid cells following
TIF1g deletion, indicating the activation of stress erythropoiesis.
Our ﬁnding that loss of TIF1g does not alter the transcription
of erythroid genes in spleen cells suggests that transcription
elongation of erythroid genes can occur in certain situations
independent of TIF1g. It is possible that a signal transduction
event, perhaps during stress-induced erythropoiesis, can bypass
the block to transcription elongation caused by TIF1 g deﬁciency.
A potential candidate involved in recruitment of the elongation
machinery is Smad5. It has been shown recently by Alarcon et al.
that Smad1/5 can be phosphorylated by CDK9 (Alarcon et al.,
2009), the kinase in the p-TEFb complex. It is possible that
BMP-Smad signaling pathway is involved in regulating Pol II
elongation.
TIF1g regulates cell fate of other blood lineages and HSC function
Using both Mx-cre and vav-cre-induced deletion of tif1g, we
found multi-lineage defects in TIF1g-deﬁcient mice. Similar
phenotypes were recently reported utilizing a distinct conditional
KO model of TIF1g (Kusy et al., 2011). Together these results
demonstrate the requirement for TIF1g in multiple blood lineagesand differentiation stages during murine hematopoiesis. The most
profound blood defects in the TIF1g-deﬁcient mice reside in the B
cell and myeloid lineages. A loss of B cells and increase in myeloid
cells were detected in the peripheral blood as early as one-week
post–deletion of tif1g. The rapid loss of B cells correlates with an
upregulation of apoptotic genes pten and p53 in TIF1g-deﬁcient
B-cell progenitors, suggesting enhanced cell death as the major
effect on B cells by TIF1g loss. It is noticeable that the B-cell
phenotype is similar to that of E2A- and Lyl1-difﬁcient mice
(Capron et al., 2006; Lazorchak et al., 2006). Interestingly, both
E2A and Lyl-1 were found to form protein complexes with TIF1g
in K562 cells in our previous study (Bai et al., 2010). Whether
TIF1g predominantly regulates B-cell development through inter-
action with these proteins or has an independent role remains to
be elucidated.
In contrast to the reduction of erythroid and B cell lineages, the
increase of myeloid cells in TIF1g-deﬁcient mice suggests a
negative role ofTIF1g in regulating this lineage. Loss of TIF1g
leads to a signiﬁcant increase in myelopoiesis starting from the
GMP stage and eventually progresses to a myeloproliferative
disorder. In the moonshine mutant zebraﬁsh, we found a similar
phenotype of increased deﬁnitive myeloid cells in 4-day old
embryos (data not shown), suggesting an evolutionally conserved
function of TIF1g in the myeloid lineage. A recent study by
Aucagne et al. (Aucagne et al., 2011) reported a decrease of TIF1g
expression in a subset of human CMML samples due to hyper-
methylation of tif1g promoter, suggesting a tumor suppressor
function of TIF1g. At the molecular level, we found that TIF1g-
deﬁcient GMPs up-regulate genes associated with the myeloid
fate while down-regulating those associated with the erythroid
fate. While we have demonstrated a transcription activator role of
TIF1g that promotes Pol II elongation on erythroid genes, the
mechanism by which TIF1g represses gene expression is yet to be
identiﬁed. It remains possible that paused elongation on one set
of genes could lead to enhanced elongation on other genes,
directly or indirectly, resulting in a change of cell fate.
A recent study by Kusy et al. (2011) reported a reduction of
LT-HSCs in the absence of TIF1g. In contrast, we have observed
an increase in the frequency of phenotypic LT-HSCs using both
Mx-cre and vav-cre-mediated deletion. A similar increase in
LT-HSCs was also found in the fetal liver of vav-cre;tif1gﬂ/ﬂ
X. Bai et al. / Developmental Biology 373 (2013) 422–430430embryos (data not shown). Despite this increase in the frequency
and number of phenotypic LT-HSCs, competitive transplantation
studies revealed a cell-autonomous defect in HSC function in
TIF1g-deﬁcient cells.
In conclusion, using conditional gene inactivation we have
identiﬁed cell-autonomous roles for TIF1g in multiple cellular
compartments of murine hematopoiesis. The function of TIF1g in
regulating transcription elongation of erythroid genes is evolu-
tionally conserved. It will be interesting to test in the future if the
same transcriptional elongation mechanism is also used to
regulate the cell fate of other blood lineages.Acknowledgment
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